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Summary
Background: Circadian clocks are synchronized by
both light:dark cycles and by temperature fluctuations.
Although it has long been known that temperature cy-
cles can robustly entrain Drosophila locomotor rhythms,
nothing is known about the molecular mechanisms in-
volved.
Results: We show here that temperature cycles induce
synchronized behavioral rhythms and oscillations of
the clock proteins PERIOD and TIMELESS in constant
light, a situation that normally leads to molecular and
behavioral arrhythmicity. We show that expression of
the Drosophila clock gene period can be entrained by
temperature cycles in cultured body parts and isolated
brains. Further, we show that the phospholipase C en-
coded by the norpA gene contributes to thermal en-
trainment, suggesting that a receptor-coupled trans-
duction cascade signals temperature changes to the
circadian clock. We initiated the further genetic dissec-
tion of temperature-entrainment and isolated the novel
Drosophilamutation nocte, which is defective in molec-
ular and behavioral entrainment by temperature cycles
but synchronizes normally to light:dark cycles.
Conclusions: We conclude that temperature synchro-
nization of the circadian clock is a tissue-autonomous
process that is able to override the arrhythmia-inducing
effects of constant light. Our data suggest that it in-
volves a cell-autonomous signal-transduction cascade
from a thermal receptor to the circadian clock. This pro-
cess includes the function of phospholipase C and the
product specified by the novel mutation nocte.
Introduction
Circadian clocks are synchronized to the environment
by natural cycles of daily light versus darkness and as-
sociated temperature fluctuations. In the absence of
such external “Zeitgebers,” circadian clocks exhibit an
ability to regulate rhythmic processes endogenously:
Numerous physiological and behavioral rhythms are
maintained during constant conditions [1]. In Drosoph-
ila, the genetic and molecular basis for the generation
of endogenous rhythmicity is well understood (reviewed,
for example, in [2]). Expression of the clock genes
period (per) and timeless (tim) occurs in daily rhythmic
manners as a result of cyclic activation of per and tim
by a heterodimer consisting of the two transcription
factors CLOCK (CLK) and CYCLE (CYC). Activation is
terminated by negative feedback of the PER and TIM
proteins on their own expression via deactivation of*Correspondence: ralf.stanewsky@biologie.uni-regensburg.deCLK and CYC. A mutation in any of these four genes
can lead to a loss of overall rhythmicity, indicating that
they exemplify essential clock genes [2]. Several addi-
tional genes contribute to the robustness and fine-tun-
ing of the molecular clock. For example, rhythmic Clock
gene expression is generated by a second feedback
loop, involving the vrille and Pdp1 transcription-factor
genes; this “interlocked” loop is thought to contribute
to high-amplitude clock-gene oscillations (e.g., [3, 4]).
Although our understanding about the manner by
which light signals reach and influence the molecular
clockworks is steadily increasing (e.g., [5, 6]), much
less is known about clock synchronization by temper-
ature. Ambient-temperature fluctuations can serve as a
synchronization signal, which is somewhat surprising
given that circadian clocks are temperature compen-
sated (meaning that the free-running period of circa-
dian rhythms is almost identical at different constant
temperatures, as long as they are within the physiologi-
cal range of the organism in question; e.g., [7]). But
when exposed to temperature cycles (in which the dif-
ference between the cold portion [night] and the warm
portion [day] is only 3°C), wild-type Drosophila can be
synchronized [8]. This “temperature entrainment” re-
quires a functional clock because flies mutant for per
(per01 loss-of-function mutants) merely respond to tem-
perature changes, rather than showing the normal en-
trained increase in behavioral activity that takes place
during the warm period and reaches its peak before the
transition to the cold period ([8]). Moreover, synchro-
nized expression of the clock proteins PER and TIM
was observed in warm (25°C):cold (17°C) temperature
cycles in constant darkness (DD), indicating that ther-
mal signals must reach the clockworks (cf. [9]). It is
known that high-temperature heat pulses that elicit
heat-shock responses in flies also influence the circa-
dian clock: Heat pulses of 37°C cause stable phase de-
lays when administered during the early night but no
phase advances in the early day ([10, 11]). Only such
high-temperature pulses lead to a rapid decrease of the
PER and TIM proteins [11], indicating that this mecha-
nism cannot account for the molecular- and behavioral-
circadian-rhythm entrainment observed with temper-
ature cycles within the physiological range of the fly
(cf. [8, 9]).
Recently, it was found that some aspects of temper-
ature entrainment remain intact in loss-of-function per
or tim mutants but not in mutants with disrupted Clk or
cyc genes [12]. In the same study, it was shown that
temperature entrainment is possible in another appa-
rently “clock-less” situation: constant light (LL), which
causes wild-type flies to be behaviorally and molecu-
larly arrhythmic (e.g., [13–15]). However, robust behav-
ioral entrainment to temperature cycles was observed
under LL conditions [12]. The available data suggest
that temperature entrainment can override some of the
effects that usually result in arrhythmicity, but the un-
derlying mechanisms remain unknown.
In animals, light input into the circadian clock is me-
diated by dedicated circadian photoreceptors—for ex-
ample, cryptochrome (CRY) in flies and melanopsin in
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ized circadian photoreceptors, retinal receptors and
their canonical photo-transduction cascades (required
for image-forming vision) also contribute to circadian
synchronization (e.g., [5, 18, 19]). It is conceivable that
temperature entrainment is accomplished by similar
processes, such that a dedicated “circadian thermo-
sensor” would operate in conjunction with general tem-
perature sensors that allow organisms to actively orient
themselves toward a comfortable ambient temperature
[20]. In Drosophila, the temperature sensor responsible
for this behavior is located in the third antennal seg-
ment: Flies lacking this structure fail to orient them-
selves properly in a temperature gradient ranging
from 18°C to 31°C [20, 21]. Moreover, flies with intact
antennae but abnormal brains (exemplified by the
neurodegeneration mutant bizarre) show the same
temperature-sensing defect ([20, 21]), suggesting that
antennae sense the temperature signal, which is then
transmitted to and processed by the brain.
Drosophila’s rest-activity cycles are modulated in re-
sponse to seasonal changes in day length and temper-
ature. This is partially achieved via temperature-sensi-
tive alternative splicing at the 3# end of the period
gene’s transcript [22–24]. Both short photoperiods and
cold temperatures increase the level of this splicing
event, thereby leading to overall earlier accumulation of
per mRNA. This is correlated with an earlier behavioral
evening activity peak, now occurring toward the middle
of the day instead of around dusk. This mechanism is
thought to regulate the fly’s behavior in a way that it is
active during the day in the colder season and avoids
being active during the hottest times of day in the sum-
mer [22–24]. The phospholipase C (PLC) encoded by
the norpA gene seems to be involved in regulating the
temperature dependence of this splicing event because
splicing levels in norpA mutants are constitutively
high regardless of the ambient temperature [22, 24].
Whereas it is clear that temperature affects the splicing
level of per RNA and thereby may control Drosophila’s
rest-activity cycles according to seasonal changes, it is
not clear whether the same temperature-sensing mech-
anism is used for thermal entrainment on a daily basis.
Here, we show that temperature entrainment in Dro-
sophila is a tissue-autonomous process and functions
independently of the antennal thermosensor described
above. In contrast to the seasonal adjustment to tem-
perature changes mediated at the RNA level, daily en-
trainment to temperature cycles seems to be regulated
at the protein level. We describe two mutants—one of
them (nocte) isolated during the course of this study—
that impact temperature entrainment both molecularly
and behaviorally. The gene defined by a second mutant
(norpA) was previously shown to be involved in circa-
dian light reception (e.g., [9]) and in a temperature-depen-
dent splicing event of per RNA (see above), suggesting
that light- and temperature-entrainment pathways might
be coupled or involve similar signal-transduction cas-
cades. Moreover, we show that temperature cycles are
able to induce PER and TIM protein oscillations in con-
stant light, a situation that normally prevents the accu-
mulation of TIM and results in arrhythmic expression of
clock-gene products and aperiodic behavior. This tem-
perature-induced rescue of PER and TIM cycling in
LL is abolished by the novel mutation nocte, which spe-cifically interferes with the temperature-entrainment
pathway.
Results
Synchronization of Molecular Rhythms
by Temperature Cycles
To demonstrate that clock-gene expression can be syn-
chronized by temperature cycles under otherwise con-
stant environmental conditions (constant darkness or
constant light), we measured the luminescence expres-
sion emanating from various period and timeless-lucif-
erase transgenics. These transgenes have previously
been shown to produce luminescence oscillations re-
porting those of the endogenous clock genes per and
tim when tested in clock-normal genetic backgrounds
(e.g [9, 25, 26]; Table 1). When tested in constant light
(LL) or darkness (DD) and a 10 hr:14 hr temperature
cycle of 25°C:17°C, only transgenes encoding either
two-thirds (BG-luc) or the entirety of PER protein (XLG-
luc) exhibited clear synchronized oscillations (Figure 1,
Table 1). To rule out that luciferase rhythms were simply
driven by the temperature changes, we measured ex-
pression of the robustly rhythmic XLG-luc variant in the
genetic background of a timeless loss-of-function mu-
tation (cf. [27]). The clock mutant transgenics exhibited
only minor fluctuations of luciferase activity, probably a
consequence of increased enzyme activity during the
warm temperature period (Figure 1). These oscillations
occurred in only 18% and 44% of all animals tested in
DD and LL, respectively, and they were of low ampli-
tude (Table 1, Figure 1). Moreover, the luminescence
peak occurred about 12 hr out of phase compared with
those of the robustly rhythmic BG-luc and XLG-luc ani-
mals carrying per+ and tim+ (Figure 1, Table 1). We
therefore conclude that the robust oscillations ob-
served with the two PER-encoding luciferase fusions
depend on a functional clock and reflect rhythmic, syn-
chronized clock-gene activity. Transgenics in which
only per 5#-flanking DNA is fused to the reporter (plo),
or only this promoter region plus nontranslated exonic
and intronic sequences of per (NOG-luc), showed no or
only weak rhythmicity (Table 1, Figure 1). The same re-
sult was obtained for a transgenic in which a timeless
5#-flanking region was fused to luciferase (Table 1).
These results indicate that synchronization of the mo-
lecular clock requires posttranscriptional regulation via
a direct or indirect effect of temperature on PER and/
or on another clock protein (or proteins).
Temperature Synchronization Does Not Depend
on Known Thermosensory Structures
The outer segment of the Drosophila antenna functions
as a thermosensor because flies lacking this structure
fail to orient themselves properly in a temperature gra-
dient; their thermotactic behavior is impaired [20, 21].
We therefore asked whether this structure might also
be responsible for circadian thermoreception, leading
to synchronized clock-gene expression. For this, we
analyzed BG-luc transgenics in which the antennae
were either transformed into legs (by applying the ho-
meotic spinelessaristapedia mutation) or by manually ab-
lating them with forceps (cf. [20, 21]). In both cases,
the BG-luc transgenics exhibited in temperature cycles
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1354Table 1. Quantitative Analysis of per-luc and tim-luc Bioluminescence Oscillations in Whole Flies in Light:Dark and Warm:Cool
Temperature Cycles
Genotype n Rhythmic (%) Period (hr) Rel-Amp Error Phase (hr)
LD
*BG-luc 298 89.5 24.3 ± 0.1 0.24 ± 0.02 20.0 ± 0.3
BG-luc 60 40 95.0 24.3 ± 0.1 0.24 ± 0.01 19.7 ± 0.3
**BG-luc 60; cryb 16 12.5 24.4 ± 0.1 0.55 ± 0.03 2.5 ± 0.6
BG-luc 60, nocte 64 87.5 24.2 ± 0.1 0.32 ± 0.01 19.8 ± 0.2
XLG-luc:1-3 16 87.5 24.1 ± 0.2 0.27 ± 0.03 19.4 ± 0.4
tim01;XLG-luc:1-3 8 0
*plo 269 91.1 24.3 ± 0.1 0.32 ± 0.04 17.9 ± 0.4
*NOG-luc 169 79.3 24.3 ± 0.1 0.31 ± 0.03 19.9 ± 0.5
*tim-luc:9 184 85.3 24.2 ± 0.1 0.32 ± 0.02 21.9 ± 0.5
norpAP24;XLG-luc:1-3 9 100.0 24.1 ± 0.1 0.24 ± 0.04 19.9 ± 0.5
norpAP41;XLG-luc:1-3 16 100.0 24.3 ± 0.1 0.21 ± 0.04 19.4 ± 0.4
norpAP24;BG-luc 18 94.0 24.1 ± 0.1 0.42 ± 0.02 19.8 ± 0.4
norpAP41;BG-luc 19 100.0 23.9 ± 0.1 0.36 ± 0.02 19.3 ± 0.2
LL and Temperature Cycles
BG-luc 109 83.5 24.2 ± 0.1 0.37 ± 0.01 19.8 ± 0.3
BG-luc 60 145 87.6 24.1 ± 0.1 0.39 ± 0.01 21.1 ± 0.3
BG-luc 60 ssa 43 74.4 24.3 ± 0.1 0.40 ± 0.03 22.3 ± 0.5
BG-luc 60 abl. antennae 35 77.1 24.3 ± 0.1 0.51 ± 0.02 0.6 ± 0.4
BG-luc 60; cryb 29 69.1 24.3 ± 0.1 0.42 ± 0.02 17.7 ± 0.4
BG-luc 60, nocte 134 49.3 24.2 ± 0.1 0.53 ± 0.01 0.4 ± 0.5
XLG-luc:1-3 73 93.2 24.1 ± 0.1 0.32 ± 0.01 17.3 ± 0.2
tim01;XLG-luc:1-3 25 44.0 24.0 ± 0.1 0.54 ± 0.05 6.3 ± 0.7
norpAP24;XLG-luc:1-3 35 40.0 23.9 ± 0.1 0.47 ± 0.03 17.8 ± 0.5
norpAP41;XLG-luc:1-3 36 63.9 23.9 ± 0.1 0.45 ± 0.03 17.9 ± 0.5
norpAP24;BG-luc 36 25.0 24.5 ± 0.2 0.59 ± 0.02 0.6 ± 0.5
norpAP41;BG-luc 31 19.4 24.3 ± 0.3 0.57 ± 0.04 0.1 ± 1.6
plo 74 23.0 23.9 ± 0.1 0.50 ± 0.03 19.4 ± 1.2
NOG-luc 50 22.0 24.2 ± 0.2 0.51 ± 0.03 20.1 ± 0.9
tim-luc:9 25 24.0 24.7 ± 0.2 0.49 ± 0.04 1.7 ± 1.4
DD and Temperature Cycles
BG-luc 60 135 80.7 24.1 ± 0.1 0.40 ± 0.01 21.0 ± 0.3
BG-luc 60, nocte 112 21.4 24.0 ± 0.2 0.56 ± 0.01 23.6 ± 0.4
XLG-luc:1-3 48 93.8 24.0 ± 0.1 0.34 ± 0.01 17.7 ± 0.3
tim01;XLG-luc:1-3 11 18.2 23.5 ± 0.5 0.42 ± 0.01 6.5 ± 1.4
Applying the automated luciferase assay for 6 to 7 days, we monitored transgenic male flies either in 12 hr:12 hr light:dark cycles (LD) at
25°C; in 10 hr:14 hr 25°C:17°C temperature cycles and constant light (LL); or in 10 hr:14 hr 25°C:17°C temperature cycles in constant darkness
(DD). Data were analyzed to determine rhythmicity, period, phase (ZT peak of expression), and rhythm strength (relative amplitude error). Flies
with period values of 24 ± 1.5 hr in combination with a relative amplitude error < 0.7 were considered rhythmic (see Experimental Procedures).
* and ** denote designated data taken from [9] and [25]. Errors in the “Phase” and “Period” columns indicate SEM.brains (D. Kretzschmar, personal communication). Whenthe temperature gradient, although its antennae appear
Figure 1. Synchronization of period-lucifer-
ase Expression by Temperature Cycles
Various per-luc transgenics in different ge-
netic backgrounds were analyzed in 10 hr:14
hr 25°C:17°C temperature cycles in constant
light. Flies were measured hourly for 6 days
in an automated luminescence counter.
Averaged expression profiles of XLG-luc
flies (encoding almost the entire PER pro-
tein) in a clock-normal and tim01 genetic
background are shown, and NOG-luc flies
(whose transgene contains upstream per
regulatory sequences but no PER coding
material) in a clock-normal genetic back-
ground are shown. Gray and dark bars indi-
cate when temperature was 25°C or 17°C,
respectively.robust luminescence oscillations that were similar to m
tthose of flies with intact antennae (Figure 2A, Table 1).
Another mutant, bizarre (biz), did not orient properly in Corphologically normal [20, 21]. Here, the tempera-
ure signal is likely to be improperly processed by the
NS because of morphological abnormalities within biz
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pression in Flies with Defective Thermotac-
tic Behavior
Flies were kept in 10 hr:14 hr 25°C:17°C tem-
perature cycles in LL (A) or DD (B) and mea-
sured as described in the legend for Figure 1.
(A) Expression profiles of BG-luc60 (whose
transgene encodes two-thirds of PER) and
the same transgenic type in a spine-
lessaristapedia (ssa) genetic background or
with manually ablated (abl.) antenna are
shown.
(B) Luminescence rhythms in BG-luc flies in
wild-type and bizarre (biz) mutant back-
grounds are shown. Note that the flies in (B)
were released into constant temperature
(17°C) after 4 days. Gray and dark bars are
as in Figure 1.tested in a biz genetic background, BG-luc rhythms
were again normal in temperature cycles (Figure 2B).
These results demonstrate that the conventional ther-
moreceptive pathway is not necessary for circadian
thermoreception.
Isolated Organs Can Be Synchronized
by Temperature Cycles
To home in on the potentially restricted location of a
circadian thermoreceptor, we next investigated the
ability of isolated body parts and tissues to synchronize
their clock-gene expression to temperature cycles. Pre-
vious studies have shown that the per and tim genes
are expressed in these widespread organs and ap-
pendages (reviewed in [28]). Tissues were isolated from
XLG-luc and BG-luc flies and analyzed in LL under 10
hr:14 hr 25°C:17°C temperature cycles in culture dishes
containing medium fortified with 1 mM luciferin (cf.
[29]). As shown in Figure 3A and Table 2, all tissues
analyzed (brains, heads, legs, wings, abdomens, and
proboscises) showed robust luminescence oscillations.
Moreover, when exposed to a 6 hr phase delay of the
temperature cycle on day 6 (extension of the cold
period), brain and leg cultures synchronized immedi-
ately by a continued decrease of expression levels dur-
ing the cold phase until the start of the next temper-
ature cycle (Figure 3B). Peak expression in brains
preceded that of all other tissues by 7–13 hr, depending
on the tissue and transgenic type analyzed (Figure 3,
Table 2). This is similar to findings in mammals, in which
clock-gene expression in the suprachiasmatic nucleus
phase-leads expression in peripheral tissues (e.g., [30]).
Although our assay does not permit measurements of
reporter gene activity in single cells, the data demon-
strate that circadian thermoreception is at least tissue
autonomous in all clock-gene-expressing tissues ana-
lyzed.Isolation and Analysis of Mutants Defective
in Temperature Synchronization
To identify genes and molecules involved in circadian
temperature perception and transduction of the received
signal to the circadian clock, we performed a mutagene-
sis screen with temperature-synchronized BG-luc oscilla-
tions as readout (see Experimental Procedures). Among
approximately 800 chemically mutagenized strains, we
isolated one X chromosomal mutant, which showed
drastically reduced luminescence rhythms in temper-
ature cycles (Figure 4A; Table 1). Analysis of this mutant
in constant temperature but in a 12 hr:12 hr light:dark
cycle (LD) revealed that the mutation’s effect is specific
for temperature-entrainment conditions. Mutant flies
showed robustly synchronized luciferase activity in LD
and constant temperature, in contrast to a mutation
(cryb) in which light entrainment of the circadian clock
is specifically affected (Figure 4B, Table 1). Because
cryb flies are able to synchronize to temperature cycles
([9]; Figure 4A of the current study), the novel mutant
behaves like a mirror image of cryb. Given its specific
effects on thermal synchronization, we named the mu-
tation nocte (no circadian temperature entrainment).
Mapping experiments revealed that the nocte mutation
is located within the half of the X chromosome far from
the y and w markers and from the norpA locus (see
Experimental Procedures), ruling out the possibility that
the observed entrainment defects are caused by a mu-
tation in the period (located between y and w) or
norpA gene.
Because norpA is involved in the thermal regulation
of a splicing event in the 3# UTR of per [22, 24], we also
analyzed two loss-of-function mutants of the phos-
pholipase C-encoding norpA gene for potential defects
in temperature entrainment. Similarly to nocte, both
norpAP24 and norpAP41 disrupted rhythmic lumines-
cence of XLG-luc flies in temperature cycles but had
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in Isolated Body Parts
Tissues or appendages were isolated from
XLG-luc flies raised in 12 hr:12 hr LD cycles
at 25°C and immediately placed into the
wells of microtiter plates filled with cell-cul-
ture medium and luciferin (see Experimental
Procedures).
(A) Appendages, body regions, or brains
were subjected to 10 hr:14 hr 25°C:17°C
temperature cycles in LL and measured for
6 days.
(B) Legs and brains were kept under same
conditions as in (A), except that after day 3,
the temperature cycle was delayed by 6 hr
(extension of the cold phase). Gray and dark
bars are as in Figure 1.can robustly synchronize locomotor activity in Dro- synchronization of clock-gene expression (Figures 4B
Table 2. Quantitative Analysis of per-luc Bioluminescence Oscillations in Isolated Body Parts
Transgenic type n Period (hr) Rel-Amp Error Phase (hr)
XLG-luc
legs 71 23.6 ± 0.1 0.13 ± 0.01 20.6 ± 0.2
wings 58 23.8 ± 0.1 0.16 ± 0.01 18.8 ± 0.1
heads 32 24.0 ± 0.1 0.19 ± 0.01 20.0 ± 0.3
abdomen 24 24.2 ± 0.1 0.18 ± 0.01 17.8 ± 0.5
proboscis 22 23.5 ± 0.1 0.18 ± 0.01 20.4 ± 0.3
brains 31 24.7 ± 0.1 0.23 ± 0.02 9.2 ± 0.3
BG-luc60
legs 32 23.7 ± 0.1 0.21 ± 0.02 22.0 ± 0.4
wings 27 24.4 ± 0.1 0.28 ± 0.02 23.0 ± 0.2
heads 16 24.1 ± 0.2 0.36 ± 0.03 21.2 ± 0.5
abdomen 15 24.1 ± 0.1 0.27 ± 0.03 20.5 ± 0.5
brains 6 24.8 ± 0.1 0.32 ± 0.04 10.8 ± 0.5
Transgenic flies were raised in 12 hr:12 hr LD cycles at 25°C. Tissues (dissected during the light portion) were monitored in 10 hr:14 hr
25°C:17°C temperature cycles and constant light (LL) for 6 days with the automated luciferase assay. Data were analyzed to determine
rhythmicity, period, and phase (see legend to Figure 1 and Experimental Procedures). Cultures showing an oscillation with a period of 24 ±no effect on oscillations in LD conditions (Figures 4C s
eand 4D).
a
Wnocte and norpA Impact Behavioral
Synchronization to Temperature n
pTemperature cycles with an amplitude as low as 3°C1.5 hr in combination with a relative amplitude error < 0.7 were consideredophila [8]. It has also been shown that temperature
ntrainment occurs in LL [12, 31]), a condition that usu-
lly causes arrhythmic Drosophila behavior (e.g., [13]).
e therefore tested the consequences of nocte and
orpA mutations on behavioral synchronization in tem-
erature cycles. In agreement with the results showingas rhythmic.
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ature- or Light-Entrainment-Defective Mu-
tants in Light:Dark and Temperature Cycles
Analysis of adult BG-luc (A and B) and XLG-
luc (C and D) transgenics in various genetic
backgrounds.
(A) Transgenics in a clock-normal, cryb, or
nocte background, analyzed in LL and 10
hr:14 hr 25°C:17°C temperature cycles are
shown. Note that cryb shows synchronized
oscillations of per-luc expression.
(B) The same transgenics as in (A) were ana-
lyzed in LD and constant temperature (25°C).
Note that nocte flies show robust luciferase
oscillations in these conditions.
(C) An analysis of norpAP24 and norpAP41
per-luc transgenics in temperature cycles is
shown; conditions are the same as in (A).
(D) An analysis of the same transgenic types
as in (C) is shown, but in LD; conditions are
the same as in (B). Note that norpA muta-
tions specifically affect synchronization to
temperature cycles. Black and white bars in-
dicate times during which the lights were off
or on, respectively. Gray and dark bars are
as in Figure 1.and 4D), neither of the mutations impaired the flies’
ability to synchronize their locomotion in LD cycles
(Figure 5A; cf. [8]). Both the BG-luc60 strain used as a
control and nocte flies with the same genetic back-
ground exhibit a bimodal activity pattern similar to the
behavior of wild-type flies (Figure 5A). Notably, all three
strains exhibit a prominent anticipation of the lights-
off transition in the evening, indicative of an intact cir-
cadian clock and properly synchronized behavioral
rhythms (Figure 5A; cf. [8]).
Next, we examined behavioral synchronization in 12
hr:12 hr 25°C:18°C temperature cycles in LL. Control
flies carrying y w or BG-luc60 exhibited their maximum
activity during the middle of the warm phase, whereas
in wild-type, the peak was shifted toward the end of
that phase and was extended into the cold phase (Fig-
ure 5B). Under similar conditions (12 hr:12 hr 30°C:
25°C), wild-type flies exhibit one major activity peak,
with maximal activity occurring toward the end of the
warm phase [12, 31]. Similar to the behavior in LD, the
locomotor peaks were preceded by a gradual increase
of running activity, lasting for several hours. As in LD
conditions, the ability to synchronize locomotor beha-vior to temperature cycles requires a functional clock:
A loss-of-function per mutant did not exhibit a gradual
increase in peak-anticipating behavior (indicative if en-
trainment). Instead, per01 flies merely responded to the
change from warm to cold (cf. [8]) with a rapid and tem-
porally restricted increase of locomotor activity (which
occurred as additional peak in per+ control flies, Figure
5B). nocte flies showed a behavior similar to that of
per01: Instead of a gradual locomotor increase during
the day, nocte individuals were constantly active during
the warm (=day) and cold (=night) period, except for
a drop in activity during a w1 hr window shortly after
transition to the cold phase. In contrast to per01, nocte
flies were more active during the warm phase and did
not show the rapid locomotor increase after transition
to the colder temperature (Figure 5B). norpA mutant
flies showed more-normal behavior in temperature cy-
cles: They steadily increased their locomotor levels af-
ter transition to the warm phase. But this increase and
the resulting activity peak were not as pronounced as
in control flies (Figure 5B).
In order to substantiate the synchronization defectsof nocte and norpA mutants, we next exposed control
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1358Figure 5. Rest-Activity Patterns of Mutant and Control Flies under Light:Dark and Temperature-Entrainment Conditions
Locomotor behavior was analyzed for 7 days, either (A) during a 12 hr:12 hr LD cycle at 25°C, (B) after transfer to a 12 hr:12 hr 25°C:18°C
temperature cycle in LL, or (C) after transfer to two consecutive such cycles in LL, in which the second one was phase advanced by 6 hr.
White bars in the daily average histograms indicate lights-on or warm temperature (25°C), and black bars indicate lights off (A) or colder
temperature (18°C) (B). Note that nocte flies anticipate the lights-off transition in LD (A) but are constitutively active during the warm phase
and through most of the cold phase in LL (B). In (C) individual actograms of control and mutant flies are shown. Flies were finally released
into either constant temperature of 18°C (per01 and norpAP41) or 25°C (all others) while still in LL. Note that control flies require several days
to resynchronize their behavior to the new temperature regime, whereas flies from all three mutant strains immediately change their activity
levels as a response to the temperature change. White areas in the individual fly actograms (C) indicate the warm temperature, and darker
areas indicate times of colder temperature.
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in LL whereby the second cycle was phase advanced
by 6 hr. Wild-type, y w, and BG-luc60 control flies stably
synchronized their behavior to the new temperature re-
gime, requiring thereby several transient days (Figure
5C, and Figure S1 in the Supplemental Data available
with this article online), and this is similar to what has
been described for temperature-shift experiments in
DD [31]. Interestingly, wild-type flies seem to “overcom-
pensate” after the 6 hr advance of the temperature
regime; they reach a stable phase relationship to the
new temperature cycle only after 4–5 days (Figure S1).
BG-luc60 control flies reach the new stable phase rela-
tionship after 3–4 days by steadily advancing their
average activity peak during the warm phase (Figure
S1). nocte, norpAP41, and per01 mutant flies show a
strikingly different behavior: Instead of gradual resyn-
chronization, they abruptly change their activity level at
the time of temperature transition, indicating that they
merely react to the new temperature regime (Figure 5C;
Figure S1, [31]).
To investigate whether nocte also affects clock func-
tion or impairs temperature compensation of the circa-
dian clock, we analyzed locomotor behavior in constant
darkness and at various constant temperatures. As
shown in Table S1, nocte flies behaved similarly to the
control flies at all temperatures tested, demonstrating
that nocte does not interfere with clock function or tem-
perature compensation. The slight period increase
observed in nocte and BG-luc60 control flies is prob-
ably caused by the BG-luc transposon because sev-
eral independent BG-luc insertion lines show molecular
rhythms with w25 hr periods [32].
In summary, we interpret the behavior of nocte and
norpA mutant flies as a failure to properly synchronize
locomotor activity to temperature cycles, in agreement
with a decrement of molecular synchronization under
the same conditions (Figures 4A and 4C). These results
suggest that both mutants impact locomotion-con-
trolling clock neurons in the brain. That temperature cy-
cles affect the clock neurons is also supported by the
entrainment of clock-gene expression in isolated brains
by temperature cycles (Figure 3, Table 2).
Rhythmic PER and TIM Expression in LL
Is Restored by Temperature Cycles
As do many other organisms, Drosophila becomes
arrhythmic in conditions of constant light and tem-
perature [13]. This is most likely caused by continu-
ous cryptochrome-mediated degradation of TIM under
these conditions (e.g., [33]). In this regard, in whole-
head homogenates, TIM levels are constitutively low in
LL and constant temperature, and PER cycling damps
out after 2 days in these conditions [14, 15]. Given that
we observed synchronized molecular and behavioral
rhythmicity in LL and temperature-cycling conditions,
we wondered whether clock-protein cycling might also
be restored in this situation. When wild-type flies were
analyzed after they had been in a 12 hr:12 hr 25°C:18°C
temperature cycle in LL for 3 days, robust TIM and PER
oscillations were observed in whole head homogenates
(Figure 6). In addition to rhythmic fluctuations of protein
abundance, both TIM and PER also exhibited charac-
teristic mobility changes, which are due to temporal
regulated phosphorylation (reviewed, for example, inFigure 6. PERIOD and TIMELESS Expression in Male Drosophila
Heads during Constant Light and Temperature Cycles
Flies were raised in LL and constant temperature. Males 2–3 days
old were transferred to a 12 hr:12 hr 25°C:18°C temperature cycle
in LL and collected for protein extraction after 3 days at the Zeit-
geber time points indicated (ZT0 = when the temperature was
switched to 25°C; ZT12 = when the temperature was switched to
18°C, during LL).
(A) PER and TIM expression measured in protein-head extracts
prepared from wild-type and noctemutant flies. Gray and dark bars
above the blots indicate when temperature was 25°C or 18°C, re-
spectively. Open bars indicate LL.
(B) Quantification of PER and TIM expression in wild-type and
nocte males. For wild-type, PER and TIM levels were measured in
four independent experiments. For nocte, PER levels were deter-
mined from three independent Western blots and TIM levels from
five independent Western blots. Protein levels in the mutant are
relative to the maximum expression levels of PER and TIM in wild-
type. Error bars indicate standard error of the mean (SEM).[2]). This is a surprising result because these flies con-
tain a functional copy of the cry gene, which renders
flies arrhythmic in LL and constant temperature (e.g.,
[33]). Somehow, the temperature cycle must block
light-induced degradation of TIM via cryptochrome
(CRY). Moreover, BG-luc luminescence rhythms in LL
and temperature cycles were similarly robust in cryb
and cry+ genetic backgrounds (Figure 4A; Table 1),
demonstrating that cry is irrelevant for clock-protein
cycling in a constant photic but thermally cycling situ-
ation.
Next, we determined the effect of the nocte mutation
on PER and TIM expression in LL. In agreement with
the luciferase recordings and the behavioral analysis of
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a(Figures 6A and 6B). Interestingly, the temporally regu-
lated phosphorylation program was affected to a lesser c
textent, especially in the case of PER (compare ZT 8
and ZT 20 in the lower right panel of Figure 6A). s
fWhereas nocte caused PER to be expressed at a con-
stitutively high level throughout the warm and cold
periods, TIM levels were low throughout the 24 hr day. G
Perhaps this is because CRY is functional in the nocte W
mutant background. p
f
nocte Does Not Influence Temperature-Dependent g
Splicing of a per Intron m
Splicing of an intron in the 3#-untranslated region of per a
RNA is regulated by both light and temperature. During h
an LD cycle, light represses splicing, which is addition- b
ally repressed by warm constant temperatures and en- f
hanced by cooler temperatures [22–24]. This results in c
higher levels of the spliced type-B# transcript than of d
the unspliced type-A form during the dark portion of LD p
cycles and in the cold [22–24]. Here, we show that un- p
der conditions of constant light and temperature cycles d
(LL, with a 12 hr:12 hr 25°C:18°C temperature cycle), [
similar amounts of both unspliced and spliced versions t
of per are present in wild-type and y w control flies, p
indicating that LL represses splicing of per’s 3# intron n
(Figure S2). i
In norpA mutants, type-B# splice-form levels are
high, regardless of light or temperature, and it has been t
suggested that the phospholipase C encoded by norpA c
contributes mainly to temperature sensitivity of the 3# c
splicing event [22, 24]. In LL and temperature cycles, c
norpA mutants also exhibited increased splicing of per e
RNA, and the ratio of type-B# to type-A transcripts fluc- m
tuated in a rhythmic fashion (Figure S2). In contrast, i
the nocte mutation did not alter splicing levels when b
compared to the control. Because flies with normal c
thermal entrainment (wild-type and y w) and those that
fail to synchronize to temperature cycles (nocte) show s
indistinguishable per splicing levels, we conclude that 2
this mechanism does not contribute substantially to c
temperature entrainment. e
p
tDiscussion
p
eThe current study provides substantial insight into a
rather neglected area of circadian biology. Although it b
thas been known for a long time that temperature can
serve as a potent Zeitgeber to entrain circadian rhythms j
min animals [1], practically nothing was known about
thermal-entrainment mechanisms and, thus, about the p
tgenes and molecules involved. We have now revealed
that temperature entrainment of clock-protein expres- h
sion can function at the level of isolated tissues, inde-
pendent of the antennal thermosensors studied with re- i
tgard to Drosophila’s acute thermal responsiveness
described earlier [20, 21]. The situation is therefore sim- s
nilar to that of circadian photoreception in flies: Clock-
gene-expressing tissues can be synchronized in the e
5absence of external, image-forming photoreceptors,
and this synchronization is probably mediated by the s
(blue-light photoreceptor Cryptochrome (e.g., [29, 34,
35]). Similarly, our findings suggest the existence of a iell-autonomous thermoreceptor dedicated to temper-
ture entrainment of the circadian clock. Among the
andidates for such a receptor are the transient recep-
or potential vanilloid (TRPV) channels that have been
hown to function in thermoreception in mammals and
ly larvae [36–39].
enes Involved in Temperature Entrainment
e isolated the noctemutant in a novel screen for tem-
erature-entrainment variants; nocte specifically af-
ects synchronization of the circadian clock to this Zeit-
eber. Such mutant flies are drastically impaired in
olecular entrainment of PER-LUC reporter-gene rhythms
s well as those of native PER and TIM expression. Be-
avioral rhythms can be entrained by light:dark, but not
y temperature cycles, in nocte flies. Moreover, nocte
lies do not affect circadian clock function as such be-
ause mutant flies are robustly rhythmic in constant
arkness. The circadian clock of nocte flies is also
roperly temperature compensated; their free running
eriod does not change as a function of increasing or
ecreasing constant ambient temperatures (Table S1,
7]). These findings show that the assumed product of
his gene plays a central role in, and is specific for, tem-
erature entrainment. It remains to be shown whether
octe might encode the thermoreceptor or a molecule
nvolved in transduction of thermal signals to the clock.
It has been shown that the norpA gene is involved in
he light-entrainment pathway that ends at the brain’s
lock (reviewed in [2]). The phospholipase C (PLC) en-
oded by this gene is an essential factor of the canoni-
al photo-transduction cascade within Drosophila’s
xternal photoreceptors [40]. Loss-of-function norpA
utations (such as norpAP24 and norpAP41, as applied
n this study) disrupt this pathway and cause visual
lindness—but they also blind the eyes’ contribution to
ircadian entrainment by light (e.g., [5, 9]).
In addition, norpA contributes to a temperature-sen-
itive splicing event at the 3# end of the per gene [22,
4]. Splicing of a per intron is enhanced by relatively
old temperatures, and this enhancement leads to an
arlier increase of per mRNA during the daily cycle of
er RNA accumulation and decline [23]. Correlated with
his early upswing is an advanced behavioral activity
eak in cold conditions. Because both phenomena are
nhanced by shortened photoperiods and suppressed
y long photoperiods, it was suggested that the 3# al-
ernative splicing event serves as a mechanism to ad-
ust the fly’s behavior to seasonal changes: More loco-
otion during the day in the winter, with its short
hotoperiods, and more behavior in the evening during
he summer, to avoid the desiccation effects of midday
eat [23].
But are norpA and the 3# splicing mechanism also
mportant for the more basic features of day-by-day
emperature entrainment? The answer, from our analy-
is, is yes and no: PLC is clearly involved because
orpA mutations affect both molecular and behavioral
ntrainment to temperature cycles (Figures 4C, 5B, and
C, and Figure S1). This is not true for the alternative
plicing event at per’s 3# end: Two types of controls
wild-type and y w) robustly synchronized their behav-
oral rhythms to temperature cycles in constant light
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the spliced and unspliced versions of per RNA in the
same LL and temperature-cycling conditions (Figure
S2). Therefore, temporal regulation of the 3# splicing
event is not necessary for entrainment to temperature
cycles.
We favor the idea that the PLC encoded by norpA
has an additional role to its known functions in photo
transduction and thermal regulation of splicing. It is
possible that a signal-transduction cascade, similar to
the visual one operating in the compound eye, is used
to transduce the temperature signal to the clock. It is
not known whether all clock-gene-expressing tissues
also express norpA (although it is notable that norpA is
expressed in adult tissues way beyond the external
eyes, [41]). If not, this could explain why the temper-
ature-entrainment defects in norpAmutants in behavior
seem less severe than those of nocte (Figure 5B).
norpA’s function in certain tissues could be replaced by
other PLC enzymes encoded by different genes. In this
respect, one of the more salient norpA mutant defects
we uncovered, that such flies cannot entrain PER-LUC
rhythms to temperature cycles, suggests that the tem-
perature-entrainment pathway involves a receptor-cou-
pled signal-transduction cascade that includes a cru-
cial function for PLC.
Temperature Entrainment Requires
Posttranscriptional Regulation
We observed robust temperature-entrained reporter-
gene rhythms only in transgenic situations in which
two-thirds or the entirety of the PER protein was fused
to luciferase. These results suggest that the temper-
ature-entrainment mechanism targets clock proteins (at
least PER) and does not rely on transcriptional mecha-
nisms. Interestingly, in Neurospora, temperature en-
trainment is also mainly regulated at the protein level
[42]. This supposition is also supported by the surpris-
ingly robust PER and TIM cyclings we observed in fly
heads under constant light and temperature cycling con-
ditions. These protein oscillations were severely damped
in the temperature-entrainment-defective nocte mutant
(Figure 6).
Previous work showed that heat pulses of 37°C can
induce stable molecular and behavioral phase shifts
when applied during the early night but not during the
late night. These heat pulses function at the posttran-
scriptional level because they result in rapid disappear-
ance of PER and TIM [10, 11]. Nevertheless, respon-
siveness of the clock to heat pulses seems to be
mediated by a different mechanism, when compared
with daily entrainment analyzed in the current study,
because heat pulses involving elevated temperatures
below 37°C (i.e., 31°C and 28°C) did not lead to signifi-
cant clock-protein degradation ([11]; F.T.G. and R.S.,
unpublished data), whereas temperature cycles applied
in the current study (which were in a physiological
range, 17°C to 25°C) did cause fluctuations in protein
concentrations (Figure 6; cf. [9]).
Why Does Temperature Entrainment Occur
in Constant Light?
A surprising finding in this study was that temperature-
entrained molecular oscillations of PER-LUC and of en-dogenous PER and TIM proteins are robust in constant
light (Figures 1, 2A, 3, 4A, 4C, and 6). It was reported
earlier that upon transfer to constant light and temper-
ature, TIM protein is expressed at constitutively low
levels [15]—probably by CRY-mediated light absorption
followed by TIM:CRY interaction [6]. PER protein con-
tinues to oscillate for about 2.5 days after transfer to
LL, after which its expression levels also becomes low
and constitutive [14, 15]. In the current experiments,
PER and TIM still oscillated after 4 days in LL when
temperatures were cycling (Figure 6), and PER-LUC lu-
minescence oscillations continued with robust ampli-
tude for more than 5 days (Figures 1, 2A, 3, 4A, and
4C). These results clearly show that temperature cycles
override the arrhythmia-inducing effects of constant
light and explain why we and others observe circadian
entrainment of behavioral and physiological rhythmicity
under these conditions (Figures 5B and 5C; Figure S1;
[12, 31, 43]).
Future work will illuminate which molecules mediate
temperature entrainment in addition to phospholipase
C, whose function in relation to thermal regulation we
have further investigated here. Given the drastic and
specific effects of the nocte mutation on temperature
entrainment, the factor encoded by this gene will al-
most certainly be revealed to play a central role in this
process.
Conclusions
We were able to show that temperature cycles induce
molecular rhythms of clock-gene expression, even in
the presence of constant light, which normally results
in complete molecular and behavioral arrhythmia. Syn-
chronization was observed in isolated peripheral clock
tissues and in the brain, demonstrating that the pro-
cess is tissue autonomous and is responsible for the
synchronized locomotor behavior under constant-light
and temperature-cycling conditions. Our data suggest
that the mechanism functions at a posttranscriptional
level involving at least the clock protein PER. Phospho-
lipase C is likely to be involved in the signaling mecha-
nism from the thermal receptor to the clock. The novel
mutation nocte specifies a factor that is specific for
thermal synchronization of the circadian clock in flies,
demonstrating that this input pathway can be geneti-
cally dissected, as has been similarly shown for the
light input into the circadian clock.
Experimental Procedures
Flies, Mutagenesis, and Meiotic Mapping
Wild-type Canton-S and clock-normal Df(1)y w (y w) flies were used
as control flies [44]. All transgenic types carrying period-luciferase
(luc) or timeless-luc constructs were previously described and
carry the X chromosome from the y w stock: In the plo transgenic,
4.2 kb of period 5#-flanking material is fused to the luciferase repor-
ter [45]; line plo1b-1 [32] was used in the current study. In BG-luc,
the same per regulatory region plus genomic sequences encoding
two-thirds of the PER protein are fused to the luc gene. In addition
to the original BG-luc line [32], the X chromosomal insertion BG-
luc60 (cf. [9]) was applied here and used for the mutagenesis. In
NOG-luc the per regulatory region plus the noncoding per exon 1,
intron 1, and the noncoding part of exon 2 are fused to luc; line
NOG-luc1 was used (cf. [25]). The XLG-luc type consists of the per
5#-flanking regulatory regions plus genomic sequences containing
Current Biology
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Facids; line XLG-luc1 was applied here (cf. [26]). The tim-luc trans-
genic type contains 6 kb 5#-flanking material fused to luc [9]; line 2
wtim-luc2 was used in the current study [25].
The cryb mutation was originally described in [9]; the per01 loss- w
rof-function mutant used is the original arrhythmic period mutant
of Konopka and Benzer [46]. The tim01 loss-of-function mutant is t
cdescribed in [27]. For information about norpAP24 and norpAP41
loss-of-function mutants of the no-receptor-potential A gene, see w
1[44] and [9]. The spinelessaristapedia (ssa) and bizarre (biz) mutations
were described in [20] and [21] in a temperature-reception context. t
1The various mutations were all in a y w genetic background—
except for the two norpA alleles, which were in a w background— d
tin order to facilitate the detection of transgenes.
Ethane methyl sulphonate (EMS) mutagenesis was performed as s
rdescribed in [9], except that we screened only for X chromosomal
variants. For this, BG-luc60 EMS-treated males were crossed to
armadillo1/In(1)FM7c [44] virgins. Single BG-luc60/In(1)FM7c virgin S
females were crossed to In(1)FM7c males to establish stable lines S
with a mutated X chromosome. Two- to three-day-old BG-luc60 d
males from these stocks were tested for rhythmic bioluminescence o
expression in temperature-entrainment conditions and DD (see be- 1
low). From a total of 800 mutagenized lines, one (later termed
nocte) exhibited arrhythmic luciferase expression. In initial map- A
ping experiments with the y w sn3 sd marker chromosome [44], the
mutation could be separated from the BG-luc insertion and was W
roughly mapped to the half of the X chromosome located far away E
from y and w. J
G
lBioluminescence Rhythms
RBioluminescence assays were performed as previously described
F[25, 32]. We used 2–5-day-old flies, previously reared in 12 hr:12
bhr light:dark cycles (12:12 LD) and constant temperature (25°C).
Individual per-luc or tim-luc transgenic flies were kept in alternating
wells of 96-well microtiter plates, each containing 100 l 1% agar, R
5% sucrose, and 15 mM luciferin (Biosynth or Biotium). Flies were R
measured for 6 or 7 days in a Packard Topcount Multiplate Scintil- A
lation Counter (Perkin-Elmer) placed in a temperature- and light- P
controllable chamber. Unless indicated otherwise, flies were ex-
posed to 12:12 LD cycles at 25°C (LD) or to 10 hr:14 hr 25°C:17°C Rtemperature cycles in constant darkness (DD) or constant light (LL).
To record from body parts, dissections were performed on small
agar plates. Such tissues were then monitored individually as de-
scribed for adult flies, except that each well contained 100 l tis-
sue-culture medium consisting of 85.9% insect culture medium,
12% heat-inactivated fetal bovine serum, 1% penicillin-streptomy-
cin mixture, 1% luciferin (Biosynth), and 0.5% insulin (cf. [29]). Only
cultures that showed robust and uniform expression within the ap-
proximately 1 week of monitoring were included in formal data
analyses (see below). All other cultures showing either counts at
background levels (approximately 50 to 100 counts per second
[CPS]) and no cycling, or a sudden decrease in cycling amplitude
in conjunction with a drop of the expression level to background
values during the course of the experiment, were regarded as dead.
Raw data were plotted and analyzed with Import and Analysis soft-
ware [47] via a Fourier transform-non-linear least squares (FFT-
NLLS) multicomponent cosine analysis to determine period, phase,
and a metric called relative-amplitude error (rel-amp error). The lat-
ter is used to determine the significance of a given rhythm: rel-amp
errors below 0.7 indicate that the bioluminescence rhythm is due
to rhythmic gene expression with 95% confidence (cf. [32]). In this
study, all flies and cultures that had a period value within the range
of 24 ± 1.5 hr and rel-amp error < 0.7 were considered rhythmic.
For cultures, this value was 100%, because all tissues or body
parts that survived the entire experiment also fulfilled the rhythmic-
ity requirements.
Behavior
Flies were raised in 12:12 LD cycles at 25°C prior to locomotor-
activity monitoring with the Drosophila Activity Monitor system
(Trikinetics, Waltham, MA). For conditions during the behavioral re-
cordings and for data plotting and analysis see Supplemental Ex-
perimental Procedures.estern Blotting
lies were reared in LL and 25°C before being transferred to a 12:12
5°C:18°C temperature cycle. After 4 days of entrainment, flies
ere collected at 6 different time points in liquid nitrogen. Protein
as extracted from 25 male heads as described in [9]. After sepa-
ation on SDS-polyacrylamide gels, proteins were transferred to ni-
rocellulose, and equal loading and transfer of the proteins was
hecked by Ponceau S staining [48]. Blots were then incubated
ith polyclonal rat anti-TIM [49] and rabbit anti-PER [48], diluted
:10,000 in TBST, 5% dry milk, and 0.02% Na-azide. After incuba-
ion with HRP-coupled secondary antibodies (goat anti-rat diluted
:50,000 and goat anti-rabbit diluted 1:125,000, Pierce), blots were
eveloped with chemiluminescence substrates (Pierce) according
o the manufacturer’s instructions. Exposed X-ray Films (Amer-
ham) were scanned and quantified with ImageJ software (http://
sb.info.nih.gov/).
upplemental Data
upplemental Data include Supplemental Experimental Proce-
ures, two figures, and one table and are available with this article
nline at: http://www.current-biology.com/cgi/content/full/15/15/
352/DC1/.
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